In this study, we analyzed the kind of psychological effects that were caused by nonlinear, possibly chaotic vibrations as compared to regular vibrations. For this analysis, we produced a chaotic low-frequency electrical therapy device to generate chaotic vibrations. Using the device, we analyzed the direct effects of chaotic vibrations on the human body. In the experiments, we generated fully chaotic vibrations, intermittent chaotic vibrations, and periodic vibrations. To evaluate the effects of the vibrations on the human body, we used one of the subjective methods; a paired comparison method. We identified a rank-order scale by comparing pairs of two vibrations. The results indicate that complicated vibrations are more effective than periodic vibrations.
Introduction
In our daily life, we often observe various kinds of complex phenomena, e.q., temperature variations; seismic activities; and biological signals such as brain waves, breathing rates, and cardiac rhythms. These complex phenomena can be generated from deterministic nonlinear dynamical systems or stochastic systems. Studies on nonlinear vibrations usually analyze the underlying mechanisms of such complicated vibrations by conducting model analysis, bifurcation analysis, and time-series anal-ysis for high-performance prediction and control. However, in our study, we investigated the manner in which subjects responded to such complicated vibrations as compared to periodic vibrations. In particular, we focused on the chaotic vibrations generated from chaotic dynamical systems. Further, we introduced chaotic vibrations with 1/f structures that have already been confirmed to indirectly have positive effects on the human body.
Low-frequency electrical therapy devices and electronic neuro muscular stimulation devices are typical examples of applications of electrostimulations for medical treatments. Muscle contraction by electrostimulation encourages rehabilitation of paraplegics [1, 2] . These positive effects of electrostimulation indicate that it is important to develop an effective electrostimulation method.
In this study, we investigated the manner in which subjects responded to complicated electrical vibrations, such as chaotic dynamics to select a more effective nonlinear pattern of electrical stimulation. For this investigation, we developed a new device with chaotic electrical vibrations and analyzed whether these vibrations were more effective than the regular vibrations by psychological experiments. To design the device with chaotic vibrations, we first analyzed the output characteristics of a commercially available low-frequency electrical therapy device. Then, we confirmed the periodicity of its outputs. Next, we investigated the electrical components of the low-frequency electrical therapy device. By modifying this commercial device, we developed a new device that generates chaotic electrical vibrations and evaluated its effects on the human body. We evaluated its effectiveness by a subjective evaluation method. Although several subjective evaluation models have already been proposed, we used Thurstone's paired comparison method [3] . In the experiments, we adopted three kinds of stimuli; chaotic, intermittent chaotic, and periodic vibrations. The results of the experiments and the statistical analyses showed that the effectiveness of chaotic vibrations and intermittent chaotic vibrations was almost identical and that periodic vibrations were the least effective.
Procedure to build the chaotic vibration generator
The low-frequency electrical therapy device "Elepuls HV-F127" manufactured by Omron Corp., is used for electrical therapy. It has two pads attached to the human body. Elepuls causes contraction and flaccidity of muscles by stimulation using electronic pulses. An example of its output waveform is shown in Fig. 1(c) . Elepuls helps reduce stiffness, relieve pain in muscles, or recover from fatigues by electrostimulation. Elepuls realizes various types of electrostimulation called "modes" by repeatedly generating rectangular pulses ( Fig. 1(c) ) and combining these pulses in several ways. Among the several modes, we used the patting mode. In the patting mode, T off can be controlled while T on (= T up + T down + T int ) is constant. During the temporal epoch T on , the pulses arise and one experiences electrostimulation. Then, T off corresponds to an interval of a single pat. That is, T off is a control parameter of patting frequency. In this study, by modulating T off using a chaotic map, we realized a chaotic patting mode in which the intervals of the pats were chaotic. Figure 2 (a) shows the inner structure of Elepuls. On the basal plate of Elepuls, microcontrol units (MCU) control the timings of switching by sending signals to the switching elements of the inverter. Then, the pulses are transmitted to the human body through the pads. In the MCU, switching timings are programmed as the modes. Thus, to change a periodic output to a chaotic output, we control the switching timings of the inverter. First, as shown in Fig. 2 (b), using a personal computer (PC) as a controller, we implemented a device that converts serial signals sent by the PC to 4-bit parallel signals using a serial-parallel converter, which is a USB-8-bit parallel converter IC manufactured by FTDI Corp. [7] . Next, to control the switching timings using the parallel signals, we cut off the wires connecting the MCU to the switching elements of the inverter and connected each signal wire of the converter to the switching elements. Figure 3 shows the inner structure of the chaotic vibration generator. Next, we controlled the switching timings using two maps. The first map is the logistic map [4] :
In Eq. (1), we set a = 4 to produce fully chaotic time series. The second map is a modified Bernoulli map [5] :
where we set B = 2.0 and = 1.0 × 10 −5 to produce an intermittent chaotic response, which shows a 1/f spectral structure. In the modified patting mode of the chaotic vibration generator, we transformed the outputs from these chaotic maps to T off (t) using the following equation:
where T off (t) indicates a temporal interval of electrostimulation, max(T off (t)) and min(T off (t)) indicate the maximum and the minimum values of T off (t), respectively, and max(x(t)) and min(x(t)) are maximum and minimum values of x(t) obtained by Eqs. (1) or (2), respectively. Figure 4 shows output waveforms. In Fig. 4 , by magnifying the time scale, we represent one set of rectangular pulses (pulses generated during T on ) shown in Fig. 1(c) as one vertical bar. Then, intervals between the vertical bars correspond to T off (t). Figure 4 (a) and (b) show chaotic waveforms, whereas Fig. 4(c) shows a periodic waveform. These results show that we can control the timings to output rectangular pulses arbitrarily using our chaotic vibration generator.
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The paired comparison method
Thurstone's paired comparison method [3] identifies a rank-order scale of several complicated stimuli. For example, it is not very easy to identify an order of preferred food items when three or more food items are given. However, if we are asked to compare two food items, it would be relatively easy to select the favorite food. Similarly, paired comparison offers an easy manner to select one among several targets. Therefore, in this study, we used Thurstone's paired comparison method for subjective evaluation.
To calculate a rank-order scale from data obtained by pair comparison, a measurement model that represents a process of distinguishing stimuli is used. Even if we are stimulated by the same stimuli, we often show different psychological responses, and these responses can be interpreted as a probabilistic event. Thus, the psychological responses obey a certain distribution.
First, we defined a set of k stimuli A = {a 1 , a 2 , . . . , a k } as a subject of psychological measurements. In the present circumstances, k = 3. Then, a 1 = "chaotic vibration," a 2 = "intermittent chaotic vibration," and a 3 = "periodic vibration." Next, we defined u i as a random variable corresponding to psychological measurements when a stimulus a i is given, and u i obeys normal distribution N (α i , σ 2 i ). Then, the probability that a i a j (a i is more effective than a j ) is equal to the probability that a random value u i ≥ u j , as shown in the following equation:
In Eq. (4), the distribution of 
In addition, π ij = P (u i − u j > 0) can be described using the standard normal distribution function Φ as follows;
By using Φ −1 , we can transform Eq. (6) to Eq. (7):
where π ij is the true value of the probability (Eq. (4)). However, generally, we cannot determine the true value of π ij . Instead, we use q ij as an estimation of π ij ; q ij represents the number of subjects who judged that a i was more effective than a j . Then in Eq. (4), we assume that all σ i−j 's are constant and equal to unity to uniquely determine the solution of Eq. (7). Thus, the model is described by Table I shows a relation between the model and the data. The average of each row is α i −ᾱ. We can considerᾱ = 0 without the loss of generality. Then, the average of each row corresponds to presumed values α i of a rank order. Table I . Relations between the model and data. α i corresponds to the mean of the psychological response when a stimulus a i is given, and Φ corresponds to the standard normal distribution function.
Experimental conditions
We conducted experiments on 14 subjects (10 men and 4 women) who claimed to experience stiffness. The process of the experiments was understood by these subjects. In this experiment, the subjects were asked to spend time as usual, and when they finished their daily chores, we gave a stimulus for 10 min to the subjects while they were seated on a chair. We attached two pads of the device to parts on the shoulders where subjects claimed to experience a stiffness. We used the three kinds of stimuli described below. We show the power spectra of the vibrations used in our experiments in Fig. 5 to describe the characteristics of the vibrations. In our experiments, T off (t) is modulated by Eq. (3). Then, power spectra in Fig. 5 (a) and (b) correspond to the power spectra of the logistic map and the modified Bernoulli map. The power spectrum of periodic vibration shows peak at 0 because T off (t) is constant ( Fig. 5(c) ). We used the initial states of these maps, which pat 800 ± 50 times in 10 min. We compared all the possible pairs of stimuli among these three stimuli. We randomly selected a pair from these three pairs (A, B, and C) to conduct pair comparison. When we used pair A, we first gave a random stimulus from the pair to the subject. The next day, we gave another stimulus. Then we asked a question: a subject answer which stimulus was better from a viewpoint of the feeling during stimulation and improvement of body condition after the experiment on the third day. We repeated the same procedure using pairs B and C. The experiment for a subject required 3 days × 3 pairs = 9 days. Table II . Results of paired comparison. Each element indicates the number of subjects who have judged that the stimulus corresponding to the row was better than that corresponding to the column. Therefore, diagonal elements are not taken into account and are represented by "-". For example, the number "3" of the (3, 1)th entry in the table indicates that the number of subjects who have judged that the periodic vibrations was more effective than the chaotic vibrations is three. P P P P P P P P P better worse chaotic intermittent chaotic periodic chaotic -7 11 intermittent chaotic 7 -12 periodic 3 2 - Fig. 6 . Results of the rank-order scale of three stimuli by the paired comparison method. Table II , we obtained the rank-order scale shown in Fig. 6 . As shown in Fig. 6 , we quantified the relations between stimuli; these relations indicate that the effectiveness (the relief experienced and the improvement in physical condition) of the stimuli was in the following order: intermittent chaotic vibration was the most effective followed by chaotic vibration, and periodic vibration was the least effective. The rank-order values of the intermittent chaotic vibration and the chaotic vibration were almost identical, far better than that of the periodic vibration.
Results and discussions

Significance test
To prove that the answers from the subjects were not selected randomly, i.e., the differences between the compared stimuli were significant, we conducted the significance test. In the significance test, we investigated the deviation of the data we obtained by the experiment from the probability distribution of data obtained in the same way as in the experiment; the subjects select a stimuli randomly with 50%. For example, to test the significance between the chaotic vibration and the periodic vibration, we randomly select the chaotic vibration or the periodic vibration with 50% for N = 14 times because the number of subjects in our experiment was 14. Then, we obtained the simulated comparison data (β i , N − β i )(i = 0, 1, . . . , N) in each trial, where β i is the number of times the chaotic vibration was selected by a computer and N is the number of subjects in the experiment. Thus, (β i , N − β i ) is the substitution of the comparison data (11, 3) (from Table II ) of the chaotic vibration and the periodic vibration, which were selected by the subjects in our psychological experiments. We conducted 30000 trials to obtain a histogram of (β i , N − β i ) (Fig. 7(a) ). In this histogram, we sorted the normalized frequencies in the ascending order to create a probability distribution p((β i , N − β i )) (Fig. 7(b) ), in which the probability of occurrence of the leftmost (β i , N − β i ) was the lowest and that of the right (β i , N − β i ) was higher. In this distribution, we defined p low as a cumulative probability of 11, 3) ). Repeating this procedure 10000 times and taking an average of p low , we finally obtained p ave . If p ave is less than a significance level, we can say that the experimental data deviates significantly from the distribution for its significance level; therefore, the difference is significant.
(a) (b) Table III shows the result of the significance test. The result indicates that the subjects judged that the complicated vibrations (chaotic vibration and intermittent chaotic vibration) were significantly better than the periodic vibrations; however, they did not recognize the difference between the chaotic vibration and the intermittent chaotic vibration.
Conclusion
We produced a chaotic vibration generator by modifying a low-frequency electrical therapy device, which is commercially available. We analyzed its effect on the human body by subjective evaluation. The data we obtained by the experiment indicated that complicated vibrations such as the chaotic vibration and the intermittent chaotic vibration were significantly more efficient than the periodic vibration. However, we did not find a significant difference between the chaotic vibration and the intermittent chaotic vibration. Thus, one important future task is to conduct experiments from the viewpoint of a spectral structure. The method of surrogate data [6] could be an effective tool to realize the experiments. The number of subjects is also an important factor to investigate the difference between the chaotic vibration and the intermittent vibration and to determine which one is more effective.
